We recently found that human immunodeficiency virus (HIV)-specific CD4
ϩ T cells expressing cell surface CCR5 and CD38 were generated very early in the primary immune response to HIV type 1 (HIV-1) infection. These cells were relatively prevalent in subjects studied within 21 days of the onset of clinical symptoms of primary HIV-1 infection but then were apparently greatly reduced in subjects presenting at a slightly later stage of infection (58) . One possible explanation for this rapid decline was preferential cytopathic infection due to the cell surface expression of the HIV-1 coreceptor CCR5 as well as the permissive activated phenotype.
Alternatively, these cells may play a role in normal primary immune responses as a very short-lived effector population which declines due to normal homeostatic processes, as reported for viral antigen-specific CD4 ϩ T cells in murine models (8, 48, 50) . High levels of human virus-specific CD38 ϩ
CD4
ϩ T cells have been reported to be transiently present during acute presentations of both primary cytomegalovirus (CMV) and Epstein-Barr virus (EBV) infections (1, 15, 37) . In acute EBV infection, this subpopulation is associated with elevated levels of both proliferation (56) and apoptosis (57) . Therefore, we asked whether a transitory appearance of CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells is a typical component of the normal primary antiviral immune response in healthy adult subjects. We chose to use primary vaccinia virus inoculation as a model system to study the generation of virus-specific CD4 ϩ T cells in detail and to use these events as a comparator for the events we have described during primary HIV-1 infection.
An inoculation with vaccinia virus represents an attractive model for the study of human antiviral CD4 ϩ T-cell responses since, unlike primary HIV-1, EBV, and CMV infections, the exact date of infection is known and it is possible to undertake a scheduled study of the very early stages in the immune response. Long-term memory, vaccinia virus-specific CD4 ϩ T cells are well described (11) , but the earliest they have been studied is about 4 weeks postinoculation (41) . Therefore, the process of differentiation of human vaccinia virus-specific memory CD4
ϩ T cells is largely unknown. We recruited a group of healthy adult subjects undergoing routine vaccinia virus inoculation (indicated for occupational reasons). This approach allowed us to study longitudinal samples from baseline to 3 weeks postinoculation and enabled the accurate measurement of early changes in small antigen-specific subsets of CD4 ϩ T cells.
MATERIALS AND METHODS

Subjects.
A total of seven healthy adults were recruited from university staff undergoing routine inoculation with vaccinia virus as required by local occupational health and safety regulations. The vaccinia virus was administered into the left or right deltoid region using established techniques (43) . Vaccine recipients were excluded if they had any condition recognized as an exclusion criterion consistent with established risk groups (7) . Dryvax vaccine (Wyeth Laboratories, Marietta, PA) was obtained directly from the Centers for Disease Control and Prevention in the United States and administered under the Australian Therapeutic Goods Administration special access scheme.
In three subjects studied intensively, peripheral blood samples were scheduled in the protocol for visits at baseline and days 7, 10, 14, and 21 postinoculation. However, actual visit days differed as shown in Fig. 1A . Full blood counts were done at each visit. The subject demographics were as follows: subject VS001 was male, aged 24 years; VS002, male, aged 25 years; and VS003, female, aged 36 years. The inoculation of subject VS002 was rescheduled at short notice, so baseline blood was actually from day Ϫ14 but is shown throughout as day 0 for consistency.
A second group of four subjects, VS004, -5, -6, and -7, was also studied prospectively, with peripheral blood samples collected at baseline and day 13 postinoculation. The study was approved by the ARCBS Human Research Ethics Committee, and all subjects gave written informed consent.
Reagents. The monoclonal antibodies (MAb) used were CD3-PerCP-Cy5.5, CD4-phycoerythrin (PE)-Cy7, CD8-allophycocyanin (APC)-Cy7, CD11a-fluorescein isothiocyanate (FITC), CD27-FITC, CD28-PE, CD38-APC, -PE, and  -FITC, CD56-APC, HLA-DR-FITC and -PerCP, CD57-FITC, CD62L-FITC,  CD123-PE, CD154 ( For each subject, the roman numerals and arrows indicate the sequence of clinical features, while the numbers under the timelines show when peripheral blood samples were collected. Changes in (B) CD4 T-cell counts and (C) CD8 T-cell counts, following inoculation with vaccinia virus, are also shown. lular mature virus was prepared by multiple freeze-thawing of infected cells, followed by the removal of cell debris by centrifugation at 700 ϫ g for 10 min. Viral antigen was further treated by heat inactivation at 56°C for 30 min, which reduced the infectious titer by a factor of 10 6 (data not shown). This vaccinia virus lysate was used at a final concentration of 1/250 in the assays of antigenspecific T cells, as described below. A control lysate of uninfected HeLa cells was also prepared in parallel and used at the same concentration.
T-lymphocyte phenotyping of fresh whole blood. The measurement of CD4 ϩ T-cell subsets in fresh peripheral blood was performed by six-color flow cytometric analysis on a dual-laser LSR II flow cytometer (Becton Dickinson), as previously described (55) . Subset analysis was performed on whole blood within 1 h of venipuncture to minimize spontaneous loss of CCR5 expression, as previously described (55, 58) . For CCR7 analysis, whole blood was first incubated with purified anti-CCR7 IgM MAb simultaneously with other directly conjugated IgG MAbs, and cells were washed once and then further incubated with antimouse IgM ( chain specific)-PE. Intracellular staining was performed using FACS lyse and FACS permeabilizing reagents (Becton Dickinson) according to the manufacturer's directions and analyzed as previously described (55, 56) . More detailed analysis of CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells at day 14 was performed for subjects VS002 and VS003. The binding of various PE-conjugated MAbs to CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells was studied by first gating on CCR5-, FITC-, and CD38-APC-stained CD4 ϩ T lymphocytes, while FITC-conjugated MAbs were studied on CCR5-PE-and CD38-APC-stained CD4 ϩ T lymphocytes. NK cells were identified in a forward scatter/side scatter lymphocyte gate as either CD3-negativeCD56dim or CD3-negativeCD56bright.
Assays of antigen-specific CD4 ؉ T cells. Vaccinia virus-specific T-cell proliferation was determined by a [
3 H]thymidine incorporation assay, as previously described (55) . A total of 1 ϫ 10 5 peripheral blood mononuclear cells (PBMCs) was cultured in triplicate with live or heat-inactivated vaccinia virus (NYCBH strain) diluted to an equivalent antigen dose of 5 ϫ 10 5 PFU. An equivalent dilution of the mock-infected cell lysate was used as the control for the vaccinia virus antigens. Tetanus toxoid (2 lipofloculation units/ml; CSL, Melbourne, Australia) was also used to determine the kinetics of responses to a recall antigen. Results were expressed as a stimulation index.
A standard whole-blood flow cytometric intracellular cytokine assay of antigen-specific CD4 ϩ T cells (32, 55, 58) was used to quantify and phenotype vaccinia virus-specific CD4 ϩ T cells. Cultures of 0.5 ml sodium heparin-anticoagulated whole blood were incubated for 6 h at 37°C in 5% CO 2 with anti-CD28 and anti-CD49d MAb (1 g/ml each) as well as brefeldin A (10 g/ml) for the last 4 h. Cultures were performed in the absence or presence of vaccinia virus lysate (see above).
The expression of CD134 (OX40) was studied in cultures of 0.25 ml sodium heparin-anticoagulated whole blood plus 0.25 ml Iscove's modified Dulbecco's medium, in the presence or absence of vaccinia lysate at a 1/250 final concentration. After 40 to 44 h of culturing at 37°C in 5% CO 2 , 100-l aliquots of the cultures were stained and analyzed as for fresh whole blood.
Neutralizing antibody titer. A plaque reduction assay was used to measure neutralizing activity in serum samples from the study subjects. Sera were heat inactivated for 30 min at 56°C. An initial 1:5 dilution of serum was performed in RPMI with 0.2% bovine serum albumin, followed by five to eight further twofold serial dilutions. A total of 600 l of serum dilutions (or medium alone to control for maximum virus plaques) was added to 600 l of vaccinia virus (NYCBH strain) at 800 PFU/ml in RPMI with 0.2% bovine serum albumin. Mixtures of serum and virus were incubated at 37°C for 60 min, and 500 l was added to each of duplicate wells (six-well plates) of confluent BSC-1 cell monolayers. After incubation for 60 min at 37°C (with regular mixing of the virus mixture over the monolayer surface), 3 ml of RPMI with 2% fetal calf serum was added to each well and the plates were incubated for 48 h. The medium was then removed, monolayers were stained with 1 ml/well of crystal violet stain (0.5% in methanol) for 10 min and washed with water, and virus plaques were counted manually. Results for each serum dilution were expressed as percent neutralization:
[1 Ϫ (mean plaques/control plaques)] ϫ 100%. The neutralization titer (50% infective dose [ID 50 ]) was calculated from the percent neutralization data from each serum sample by using a variable slope sigmoidal dose-response nonlinear regression curve-fitting program, which gave the exact serum dilution that reduced plaques by 50% (Prism; GraphPad Software, San Diego, CA).
Statistics. The Wilcoxon signed-rank test was performed to compare paired percentages of CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells for each subject at baseline versus days 13 and 14 using StatView 5.0 for Macintosh (Abacus Concepts, Berkeley, CA). A two-sided P value of Ͻ0.05 was considered statistically significant.
RESULTS
Clinical features. All three of the subjects who were studied intensively, VS001, -2, and -3, each developed a typical single large pustule at the inoculation site by day 10 and reported a fairly uniform sequence of events: mild local lymph node tenderness at days 7 to 8, which typically reduced over 1 to 3 days, was quickly followed by inflammation and induration at the inoculation site by days 9 and 10, which in turn was followed 1 to 2 days later by a rapid reduction in induration. These events are depicted for each individual in Fig. 1A . Also, all three subjects reported mild to moderate malaise around days 9 to 11 and had at least 1 day away from work but were well by day 14, with a drying, resolving pustule.
Longitudinal CD4 T-cell counts for these subjects are shown in Fig. 1B . All three subjects exhibited a variable decline in CD4 T-cell counts, coinciding with the period of inoculation site induration, followed by a rebound to baseline levels after the resolution of induration (see above). Similarly, all subjects exhibited a decline in CD8 T-cell counts at the time of inoculation site induration, followed by a large rebound by day 14 (Fig. 1C) . The CD8 T-cell count for subject VS001 rebounded above the baseline cell count, such that the CD4:CD8 ratio was inverted at day 14 but returned to the baseline CD4:CD8 ratio by day 21.
We also investigated whether there were changes in NK cells following inoculation. There were no significant changes in NK cell numbers in whole blood, but there was an approximately fivefold increase in the intracellular expression of Ki-67 in CD3-CD56dim NK cells, from an average baseline value of 2.2% to an average of 9.8% at day 14 (data not shown).
Kinetics of CD4 ؉ T-cell subsets. A sharp increase in circulating activated CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells was observed at days 11 to 14 ( Fig. 2A and B) , which peaked at an average of 5.5% of CD4 ϩ T cells for subjects VS001, -2, and -3 by day 14 and then declined by day 21 ( Fig. 2A and B) . A similar pattern was also observed for the absolute cell count of CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells in whole blood (data not shown). The rapidity of this increase was most apparent in subject VS001, where a blood sample was obtained at day 11, which was the day after the decrease in inoculation site induration ( Fig. 1A and 2A and B) .
In these subjects, at day 14 there was a peak in proliferating Ki-67 ϩ CD4 ϩ T cells (Fig. 2C ). More than half of the Ki-67 ϩ CD4 ϩ T cells were CCR5 ϩ (data not shown). Similarly, there was a rise in TIA-1 ϩ CD4 ϩ T cells (Fig. 2D) . The antibody TIA-1 identifies granules in cytotoxic T lymphocytes, and these cells were also mostly CCR5 ϩ (data not shown). However, there was no apparent increase in the expression of cytotoxic effector molecules, granzyme A or B, or perforin in these TIA-1 ϩ CD4 ϩ T cells (data not shown). There was also a rise in CD4 ϩ T cells which underwent apoptosis in vitro (Fig. 2E) , also peaking at day 14, measured as intracellular activated caspase-3 at the end of the 6-h cultures used to identify vaccinia virus-specific CD4 ϩ T cells (see below).
The marked increase in circulating CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells was confirmed in a second group of four subjects studied at baseline and day 13. For all seven subjects, the CCR5 ϩ CD38 ϩϩϩ subset of CD4 ϩ T cells rose 
CD38
ϩϩϩ cells in CD4 ϩ and CD8 ϩ T cells from baseline to day 13 or 14 for all seven subjects studied are summarized in panels F and G, respectively. Box plots represent 10th, 25th, 50th, 75th, and 90th percentiles. The P values shown were determined by the paired nonparametric Wilcoxon signed-rank test.
from a median of 0.7% at baseline to 6.0% at days 13 to 14 (P ϭ 0.018) (Fig. 2F) .
In CD8 ϩ T cells, parallel changes in the corresponding CCR5 ϩ CD38 ϩϩϩ subset were also observed, again with a peak at day 14 for subjects VS001, -2, and -3 ( Fig. 2A) . Overall for the seven subjects, the CCR5 ϩ CD38 ϩϩϩ subset of CD8 ϩ T cells rose from a median of 0.9% at baseline to a median of 12.8% at days 13 to 14 (P ϭ 0.018) (Fig. 2G) . Similarly, CD8 ϩ T cells that were Ki-67 ϩ and apoptotic also peaked at day 14, with an average of 16.1 and 6.2%, respectively, for subjects VS001, -2, and -3 (data not shown). 
FIG. 4. Characterization of vaccinia virus-specific CD4
ϩ T cells at day 14. Phenotype of vaccinia virus-specific CD4 ϩ T cells at day 14, 
Kinetics of appearance of vaccinia virus-specific CD4 ؉ T cells. IFN-␥-producing vaccinia virus-specific CD4
ϩ T cells appeared in the circulation of subjects VS001, -2, and -3 from day 11 onward (Fig. 3A) , coinciding with the peak of activated proliferating CD4 ϩ T cells. The average for the three subjects was 0.34% of CD4 ϩ T cells at day 14, whereas in all control cultures with uninfected HeLa cell lysate, IFN-␥ ϩ cells were less than 0.03% of CD4 ϩ T cells (data not shown). However, it must be noted that the level of IFN-␥ vaccinia virus-specific CD4 ϩ T cells was approximately 10-fold lower at day 14 than that of the subpopulations of activated proliferating effector CD4 ϩ T cells, as identified in the phenotyping measurements described above.
Vaccinia virus-specific proliferative responses of PBMCs were initially detected in subjects VS001, -2, and -3 between days 11 and 14, with a further increase by day 21 (Fig. 3B) . In the same individuals, proliferative responses to the recall antigen tetanus toxoid appeared to decrease slightly at days 8 to 11, rebounded to baseline levels at day 14, and remained constant from days 14 to 21 (Fig. 3B) .
We also investigated the effect of 40 to 44 h of incubation with antigen on the expression of the costimulatory molecule OX40 (CD134) on CD4 ϩ T cells. The results show that there was a large subpopulation, averaging 6% of CD4 ϩ T cells at day 14, that responded to vaccinia virus antigen with up-regulation of OX40 (Fig. 3C) , corresponding more closely with the levels of activated proliferating cells than to the subpopulation which produced IFN-␥.
Phenotype of vaccinia virus-specific CD4 ؉ T cells. IFN-␥
ϩ vaccinia virus-specific CD4 ϩ T cells at day 14 were predominantly CD38 ϩϩ (Fig. 4A ), Bcl-2low (Fig. 4B) , TIA-1 ϩ (Fig.  4C ), CD127 ϩ (Fig. 4E ), CD40L ϩ (Fig. 4G) , and CD57 negative (Fig. 4G) . Heterogeneity of IFN-␥ ϩ vaccinia virus-specific CD4 ϩ T cells was also observed at day 14, with just over half containing Ki-67 ϩ (Fig. 4D ) and expressing IL-2 (see below), but with just under half expressing CTLA-4 (Fig. 4F) . The overall phenotype results for the IFN-␥ ϩ vaccinia virus-specific CD4 ϩ T cells at day 14 from subjects VS001, -2, and -3 for all markers studied are summarized in Fig. 4G .
Even though CCR5 expression cannot be reliably measured on in vitro-restimulated antigen-specific CD4 ϩ T cells (55), we can reasonably infer its presence on these cells by the ex vivo CCR5 ϩ phenotype of CD38 ϩϩϩ CD4 ϩ T cells ( Fig. 2A) , as we have recently also done for HIV-specific CD4 ϩ T cells (58) .
Phenotype of CCR5
؉ CD38 ؉؉؉ CD4 ؉ T cells at day 14. The detailed phenotype of CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells at day 14 is shown in Fig. 5 relative to that of other CD4 ϩ T cells. These activated cells expressed increased levels of markers characteristic of Th1 effector cells, including IL-12R␤1, CXCR3, and IL-18R. They also expressed increased levels of CD120b (TNFR2) as well as the ␤ chain of IL-2R (CD122). However, these activated cells predominantly retained the expression of the IL-7R ␣ chain (CD127) and also expressed the costimulatory molecules ICOS, CD27, and CD28 but at the same time there was clear down-regulation of CD7 expression.
The potential trafficking of these cells to sites of inflammation was indicated by relative down-regulation of CCR7, in addition to the up-regulation of CXCR3 and CCR5 as well as increased expression of the integrins CD49d (not shown) and CD11a. However, there was no up-regulation of integrin ␤7
(not shown) nor was there any apparent change in the expression of CD62L (not shown).
Survival of vaccinia virus-specific CD4
؉ T cells between day 14 and day 21. Since there was a rapid disappearance of CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells between day 14 and day 21, we investigated a possible role for apoptosis in limiting the peak of vaccinia virus-specific CD4 ϩ T cells. Although we saw a clear overall increase in spontaneous apoptosis within the CD4 ϩ T-cell subset at day 14 ( Fig. 2E ), we were unable to demonstrate directly that IFN-␥ ϩ antigen-specific CD4 ϩ T cells exhibited activated caspase-3 during short-term cultures with antigen (Fig. 6A) . In fact, there was a very clear distinction between IFN-␥ ϩ antigen-specific CD4 ϩ T cells and apoptotic cells. We also examined whether CD38 ϩϩϩ CD4 ϩ T cells had activated caspase-3 after short-term culture in vitro, but apoptotic CD4 ϩ T cells generally had only intermediate expression of CD38, whereas apoptotic CD8 ϩ T cells had higher CD38 expression (data not shown).
There was a change in the activated proliferative phenotype of IFN-␥ ϩ vaccinia virus-specific CD4 ϩ T cells between day 14 and day 21, as indicated by the decrease in CD38 and Ki-67 expression ( Fig. 6B and C) . This change towards a resting phenotype coincided with the appearance of a relatively large population of vaccinia virus-specific CD4 ϩ T cells which produced IL-2 but not IFN-␥ at day 21 (Fig. 6D ). There were also similar populations of vaccinia virus-specific CD4
ϩ T cells at day 21 which expressed CD40L and TNF-␣ but not IFN-␥ (data not shown). The overall results show that the initial burst of antigen-specific CD4 ϩ T cells predominantly coexpressed IFN-␥ and IL-2, but between day 14 and day 21, there was a switch to cells which predominantly produced IL-2 but not IFN-␥ (Fig. 6E) .
However, Bcl-2 expression in vaccinia virus-specific CD4 ϩ T cells remained low at day 21 (data not shown), similar to the low levels of Bcl-2 in the corresponding cells at day 14 (see above).
Kinetics of appearance of vaccinia virus-specific neutralizing antibodies. The three subjects, VS001, -2, and -3, studied in detail longitudinally were negative for neutralizing antibodies at baseline (neutralization titer [ID 50 ] was Յ2), with low-titer antibodies first appearing at day 14 in two out of three subjects and continuing to rise to high titers in all three subjects by day 21 (Fig. 7) .
DISCUSSION
The combination of cell surface phenotyping and intracellular cytokine staining of longitudinal samples of fresh whole blood has allowed the characterization of a unique population of CCR5 ϩ CD38 ϩϩϩ antigen-specific effector CD4 ϩ T cells during the primary antiviral response to vaccinia virus inoculation in healthy adults. The current study confirms the ephemeral nature of the CCR5 ϩ CD38 ϩϩϩ antigen-specific CD4 ϩ T cells in the circulation, as was previously suggested for primary HIV-1 infection (58) . Interestingly, these cells appeared in peripheral blood only after the resolution of, first, the local lymph node involvement and, second, the swelling at the inoculation site, suggesting that the vaccinia virus-specific cells proliferated and were sequestered at those sites until viral replication was controlled. A similar effect has recently been reported for tuberculin-specific memory CD4 ϩ T cells in the induration associated with a positive Mantoux test (40) .
We have also now shown that there is a second phase of resting CD38-negative IL-2-producing CD4 ϩ T cells which follows the effector cells within days. These cells were associated with lymphoproliferative responses in vitro and did not necessarily produce IFN-␥ but did produce CD40L and TNF-␣. Therefore, as the cells with the CCR5 ϩ CD38 ϩϩϩ effector cell phenotype disappeared, they were rapidly replaced with cells with the phenotype of long-term memory cells.
FIG. 5. Detailed phenotype of CCR5
ϩ CD38 ϩϩϩ CD4 ϩ T cells at day 14. Analysis of various markers on CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells at day 14. For each marker, a pair of histograms is shown: the upper histogram is gated on CCR5 ϩ CD38 ϩϩϩ CD4 ϩ T cells and the lower histogram is gated on remaining CD4 ϩ T cells (Fig. 2A) . The histograms shown are for subject VS003; similar results were obtained for subject VS002. The percentage of positive cells is shown for each histogram.
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The CCR5 ϩ CD38 ϩϩϩ antigen-specific CD4 ϩ T cells had a phenotype and cytokine profile of Th1 effector cells. In murine models employing either gene knockouts or vaccinia virus constructs containing cytokine genes, IFN-␥ has been shown to be very important in the control of vaccinia virus replication in vivo (39) . These results imply a likely role for IFN-␥ ϩ CD4 ϩ T cells in the initial control of poxvirus primary infections of humans since the effector CD4 ϩ and CD8 ϩ T cells as well as increased turnover of NK cells were much better correlated with the timing of the resolution of the vaccinia virus pustule than were either the IL-2 ϩ memory CD4 ϩ T cells or the humoral response. This result is consistent with the observations of progressive vaccinia virus infection in subjects with cellmediated immune defects, whereas subjects with humoral immunity abnormalities control vaccinia virus infection normally (14) . In fact, in mouse models of vaccinia virus infection in the setting of T-cell deficiency, a combination of IL-2 and NK cells appears to be sufficient to clear virus (23) . These direct cellmediated effects contrast with results showing that neutralizing antibodies are the most important components of long-term immune protection against reinfection with smallpox (10, 13) as well as the greater effectiveness of proliferative central memory CD8
ϩ T cells in mouse models of reinfection with lymphocytic choriomeningitis virus (53) .
The CD4 ϩ effector T cells observed in individuals undergoing a primary response to vaccinia virus also expressed a marker of cytotoxic granules, TIA-1. Cytotoxic clones of vaccinia virus-specific CD4 ϩ T cells have been previously described in vitro (26) . However, we did not observe high-level expression of the effector molecule granzyme A or B or perforin ex vivo, unlike our previous observations of CD4 ϩ cytotoxic T lymphocyte in both chronic and primary HIV-1 infection (2, 58) . It is possible, though, that these TIA-1 ϩ cells may rapidly up-regulate the effector molecules if restimulated in vitro, as did similar cells from a HIV ϩ long-term nonprogressor (55) . Alternatively, the contents of TIA-1 ϩ granules in vaccinia virus-specific CD4 ϩ T cells may differ from cytotoxic effector molecules (5, 44) .
Our results suggest that results from the intracellular cytokine assay of IFN-␥ ϩ antigen-specific CD4 ϩ T cells may be as much as 10-fold lower than other indicators of antigen-specific CD4 ϩ T cells, such as the CCR5 ϩ CD38 ϩϩϩ effector phenotype, expression of Ki-67 ϩ and ICOS ex vivo, or induction of OX40 expression in vitro. We had previously observed this discrepancy with primary HIV-1 infection (58), but it now appears to be a more general phenomenon. It does not seem likely that bystander proliferation (49) could account for a difference of this magnitude, and we previously found no evidence of bystander proliferation of CMV-specific CD4 ϩ T cells in primary HIV-1 infection (58) . Furthermore, the healthy adults studied here did not have significant CD4
ϩ T-cell deficiency or concurrent opportunistic infections, often cited as a cause of the higher level of T-cell activation in HIV-1 infection (12) . Also, the levels of activated cells in the current study are comparable to those reported in vaccinia virus infection in mouse models (18) . Purification and in vitro studies of putative antigen-specific activated CD4 ϩ T cells may clarify their specificity.
An increased rate of apoptosis of CD4 ϩ T cells was observed at the peak of the response of activated proliferating CD4 ϩ T cells immediately prior to their decline. Also, the low level of expression of Bcl-2 in the antigen-specific CD4 ϩ T cells in the current study would suggest that they are short-lived cells (46) . However, when we investigated whether antigen-specific CD4 ϩ T cells also contained activated caspase-3 as a marker of apoptosis, we could not demonstrate a direct link between the two processes. It is possible that the detection of activated caspase-3 represented a relatively late event in apoptosis, when cells were no longer able to secrete cytokines and had already down-regulated CD38.
Surprisingly, we found that Bcl-2 levels were still low in resting antigen-specific CD4 ϩ T cells that expressed IL-7R and produced IL-2 at day 21. According to a current model of memory cell differentiation, IL-7R ϩ effector cells are precursors for memory cells which re-express high levels of Bcl-2 (22). Our results suggest that such a process of differentiation must still be in process at day 21. This will be further investigated in future studies. Alternatively, another anti-apoptotic Bcl-2 family member may have been protecting these nascent memory cells from apoptosis, possibly Mcl-1 (34) or survivin (45), while they are completing differentiation to Bcl-2high memory cells.
Another probable mechanism constraining the extent of antigen-specific CD4 T-cell expansion may be the expression of CTLA-4, based on gene knockout models in mice (47, 52) . We observed that just under half of the IFN-␥ ϩ vaccinia virusspecific CD4 ϩ T cells coexpressed CTLA-4. Balanced against the negative effects of apoptosis and CTLA-4 expression are the known positive effects of costimulation via the Ig superfamily member ICOS (3, 33) and the TNF superfamily member OX40 (9), which were found in this study to be expressed by vaccinia virus-specific CD4 ϩ T cells in the early stages of the response. Gene knockout studies in murine models have demonstrated an important role for OX40 expression in CD4 ϩ memory T-cell differentiation (3, 9) . The role of ICOS is less clear but has been seen to be important in the absence of CD28 (4). The stimulation with antigen in vitro was necessary to see OX40 expression, but ICOS appeared to be constitutively expressed on the activated effector cells, suggesting differing roles for these molecules. In particular, OX40 appears to exert its prosurvival effect (42, 45) toward the end of a primary response (9) . Interestingly, in vivo stimulation of OX40 using the administration of an agonistic MAb led to enhanced CD4 ϩ T-cell responses in a mouse model of vaccinia virus infection (30) .
Another reported positive influence on CD4 ϩ memory Tcell differentiation is the maintenance of the expression of the IL-7 receptor (24, 25) . A high proportion of IFN-␥ ϩ vaccinia virus-specific CD4 ϩ T cells retained the expression of CD127, the ␣ chain of the IL-7R, whereas we had previously found that a much lower proportion of early IFN-␥ ϩ HIV-specific CD4 This study provides important information on which cytokines may be important in the primary anti-vaccinia virus response, including not only IL-7 but also IL-15, IL-12, IL-18, and TNF-␣, since receptors for all these factors could be seen to be up-regulated on antigen-specific CD4 ϩ T cells. An improved knowledge of the effects of these cytokines may allow their rational use as adjuvants, in addition to the potential use of agonists directed towards ICOS or OX40.
Our results show that the antigen-specific CD4 ϩ T-cell response to vaccinia virus consisted of two phases within a week of each other. The acute Th1 effector phase involving highly activated proliferating effector cells was closely followed by a second phase during which resting cells that produced more IL-2 than IFN-␥ appeared. Previous studies of viral antigenspecific T cells in murine models provided evidence that effector cells differentiate to become resting memory cells. In one study, the marking of CD8 ϩ memory cells which had previously expressed perforin demonstrated a lineage relationship (35) and it is interesting that the antigen-specific CD4 ϩ T effector cells in the current study also prominently expressed a marker of cytotoxic T lymphocyte, namely TIA-1. In other studies, CD4
ϩ effector cells were purified and became resting central memory cells following adoptive transfer (17, 19) , while a corresponding study of CD8 ϩ T cells yielded similar results (53) . Therefore, our results provide some circumstantial support for the concept of a lineage relationship between effector cells and resting memory cells in human viral infection. An important implication of this model is that in the case of primary HIV-1 infection, the expression of CCR5 as well as the state of activation would suggest that such precursors of memory cells are highly susceptible to cytopathic infection during the differentiation in the environment of the lymph node. This may leave patients with the characteristic lack of proliferative IL-2 ϩ HIV-specific CD4 ϩ memory T cells (16, 20, 29, 36, 54) . An alternative temporal model may be that effector cells generated during the primary response simply disappear by apoptosis (6, 31) or trafficking (27, 28) , while the production of a separate population of resting memory cells is delayed until active viral replication is greatly reduced (21) . Careful study of T-cell receptor clonotypes (38) of effector and memory cells following vaccinia virus inoculation may provide an opportunity to directly observe the relationship between the different subsets.
In summary, the results from the current study indicate that the early development of CCR5 ϩ CD38 ϩϩϩ antigen-specific CD4 ϩ T cells is a normal feature of primary viral infection. These markers will now enable the purification and more detailed study of antigen-specific CD4 ϩ T cells at this important early stage of antiviral response. Such studies may also suggest reasons for the observed differences between vaccinia virusspecific CD4
ϩ T cells and HIV-specific CD4 ϩ T cells.
